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Laue back reflection patterns were used along with visual exanlna- 
tlon In evaluating the characteristics of the annealed structure of high 
purity (99»99$^) aluminum single crystals which had been deformed by 
elongation. It was found that the glide strain and annealing teiq)erature 
are primary factors to be considered with respect to the structural 
changes occurring during annealing.
It was determined that the glide strain must be above a certain 
critical value to cause recrystalllzatlon; below the critical value 
polygonlzatlon will predominate In the annealed structure regardless of 
the annealing ten;>erature.
The single crystals used In the Investigation were grown by the 
strain anneal method and the optimum strain required to grow large 
single crystals was determined.
A method of sectioning single crystals without Introducing localized 
strain In the region of the cut was developed.
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The reciystallization of cold worked metals and alloys when annealed 
has been the object of many investigations over a period of several years. 
Generally, the physical and mechanical property changes accon5)anying 
reciystallization are studied and correlated to visible changes in the 
microstructure. These investigations are important industrially because 
they supply the information necessary to set up armealing schedules which 
will provide fairly accurate control of the desired properties in the 
finished product.
More recently, however, a number of Investigators have explored the 
structural changes occurring in a cold worked crystal lattice when 
annealed In an effort to determine the fundamental processes which occur 
during and preceedlng recrystalllzatlon. These studies are usually per­
formed on single crystals using X-Ray diffraction techniques or electron 
microscopy. Dislocation theory has provided an explanation for the 
existence of structural changes, hereafter called polygonlzatlon or sub- 
gralnlng, which occur In a crystal lattice during deformation and pre­
ceedlng recrystalllzatlon upon annealing, however, one of the major 
problems to be resolved is the influence of polygonlzatlon on the 
recrystalllzatlon characteristics.
Some researchers have previously reported that polygonlzatlon 
retarded or prevented recrystalllzatlon In high purity aluminum single 
crystals, while others believe that polygonlzatlon is the precursor of 
recrystalllzatlon. It has been established that structural changes occur 
In a crystal lattice which has been deformed and allowed to remain at 
ambient temperature. Also, there Is some evidence that ambient
ten|)oratur0 structural changes prevented reciystallization of high purity 
aluminum single crystals.
This investigation was undertaken in an effort to gain a better 
understanding of these phenomena and was designed to stucfer the following:
1. The growth of single crystals of high purity altuninum by 
the strain anneal method and the determination of the optimum 
strain to grow large crystals.
2. The Influence of ambient teoperature holding time on the 
subsequent recrystalllzatlon of deformed high purity al\imlnum 
single crystals.
3. The effect of glide strain and annealing tenperature on the 
annealed structure.
II REVIEW OF THE LITERATURE
A. INTRODUCTION
The annealing of a cold worked metal Is generally considered to 
involve three distinct processes; recovery, re crystallization and grain 
growth. During the past I5 years, however, a fourth phenomenon, polyg­
onlzatlon, has been extensively Investigated. The major effort has been 
to deteznlne the relationship between polygonlzatlon, recovery and 
recrystalllzatlon.
This paper Is primarily concerned with factors causing polygonl­
zatlon and its effect on recrystalllzatlon. Therefore, this literature 
review Is concentrated on previous investigations in this field.
Recovery is classically defined as a change in the physical and 
mechanical properties of a cold worked metal when annealed with no 
dlsoemible change In tbs mlcrostraeture. In the reviews that follow, 
however. It will be evident that some investigators consider recovery 
and polygonlzatlon as being very closely related, and due to the nature 
of polygonlzatlon; this classic definition of recovery Is no longer 
valid.
Recrystalllzatlon Is considered to be tbs formation of strain free 
nuclei which are subsequently capable of growing by oonsuiqptlon of the 
cold worked material. After recrystalllzatlon Is complete an entirely 
new structure exists which Is strain free and Is characterized by high 
angle boundaries between the recrystalllzed grains. The driving force 
for recrystallization Is the residual energy of cold work stored In the 
strained lattice.
Grain grotrth consists of a uniform coarsening of the structure with 
a reduction in the number of reciystallized grains. The driving force 
for grain growth is connected with the surface energies of the grain 
boundaries and internal strains are not involved.
Polygonlzatlon can be described as the subdivision of a deformed 
crystal lattice into small crystallites with slightly differing orien­
tations from each other, but the overall orientation of the crystal lattice 
remains essentially the same as the original undefoimed matrix. A very
good description of polygonlzatlon is given by Cahn^^^ based on an
(2)explanation in temis of dislocations by Cottrell . Essentially Cahn 
describes polygonlzatlon as an excess ntimiber of dislocations of one kind 
arranged into low angle boundaries perpendicular to the slip planes 
foming vdiat is known as "polygons" between the boundaries. The primary 
prerequisite for polygonlzatlon to occvir is a curvature of the crystal 
lattice due to plastic deformation followed by migration of dislocations 
which arrange themselves to form "polygon walls" or boundaries between 
adjacent crystallites. Polygonlzatlon Is generally observed by X-Ray 
diffraction wherein the ^ots on a back reflection Laue photograph show 
striatlons instead of the usual uniform film density over the flntlre 
area of the spot.
Throughout the literature, the tern polygonlzatlon, sub-graining 
and "reczystalHzatlon in situ" are used synonymously, and it appears 
that they can be considered equivalent. If the question of scale is dis­
regarded. Thus, subgraining, vdilch is observed miciescoplcally could be 
considered as polygonlzatlon in an advanced stage where the polygons 
have grown large enough to be resolved. Polygonlzatlon and subgraining 
are considered as identical phenomena throughout this investigation.
B. EVIDENCE
Although polygonization was probably observed earlier, the first
investigation of its nature was made by Crussard^'^' d^io found that
asterisms occurring in a Laue photograph taken on a defomed aluminum
crystal remained in the same position in a photograph taken after
annealing the crystal. However, the asterism was split into several
separate spots with little or no blackening of the film between them.
Laue photographs taken after successive anneals indicated that the spots
decreased In number but became sharper and always occupied the area of
previous asterisms. He named the phenomena "recrystalllzatlon in situ".
(4)Prior to Crussard's work Collins and Mathewson ' made a study of the 
reciystallization of aluminum single crystals and observed that recovery 
resulted in the removal of internal stresses from the small crystal frag­
ments without altering their orientation. Back reflection Laue patterns 
indicated a breakup of the spots after annealing at 500°C. These authors 
also noted that the existence of crystal fragments reduced the capacity 
of strained crystals to recxystalllze even at temperatures just below 
the melting point.
Crussard's work led Quinier and Tennevin^^^ to investigate polyg- 
onization and develop a method for increasing the resolving power of 
X-Ray patterns which detected structural changes that had previously been 
missed. Using this method to st\idy polygonlzatlon of high purity aluminum 
single crystals, they concluded that it was nomal for a cold worked metal 
to transform to the polygonized state during annealing, if lattice cur­
vature is present and recrystalllzatlon does not Intervene. Their 
attempts to determine if polygonlzatlon affected reciystallization were 
inconclusive because the experimental results were erratic. It was shown.
however, that the degree of deformation had a powerful influence on the 
recrystallization temperature but a small affect on the temperature at 
which polygonlzatlon first appears, which was determined to be about 
450°C for aluminum.
Cahn^^^ gives an excellent review of polygonlzatlon Investigations
up to 1950 suid stated that lattice curvature in crystals elongated in
tension is due to deformation bands which were thought to be caused by
inhomogeneous extension of the crystal, although crystal orientations
were carefully selected in which deformation shovild occur only by single
(6)glide. Chen and Mathewson investigated recrystallization character­
istics of aluminum crystals and noticed that crystals which exhibited 
deformation bands after extension did not reciystalllze but polygonized. 
They concluded that the structural condition associated with band for­
mation was more susceptible to polygonlzatlon or recovery than crystals
(7)with no band formation. Honeyconibe noted that reflections on X-Ray
micrographs from deformation bands decreased in intensity due to polyg-
onizatlon when 99*5 psz* csnt aluminum crystals stretched 4 per cent
at 450°C were later heated to 630°C for times up to 89 hours.
It was evident from investigations up to this time that some metals,
especially aluminum, polygonlze upon annealing, however, in reviewing
the literature in 195^ Beck^®^ suggested that subgrains are formed
(9)during plastic deformation. Jullen and CuHlty using a special 
focusing technique observed that deformation of high purity aluminum 
(99 •9951^ ) is accompanied by a fragmentation of the crystal lattice and 
that the annealing of a bent crystal lattice produces polygonlzatlon. 
Oervais, Norton and G r a n t i n v e s t i g a t e d  subgraining in high purity 
alTuninum (99*9955^) and concluded that polygonlzatlon is the main factor
in subgrain foimation and that subgrains f o m  as a consequence of defor­
mation and are not the cause. Beck, Ricketts and Kelly^^^^ examined 
subgrains with the electron microscope in high purity cold rolled 
aluminm and concluded that they were stable for several months at room 
tenperature, but grew upon annealing at 3 5 0 These authors also found
that subgrain growth and softening both had similar kinetics, suggesting
( 12)that recovery and polygonization are closely related. Perryman
noticed a sharpening of subgrains in aluminum which had been cold worked
1:^  80 per cent and allowed to stand at room temperature for one year.
He also observed that recrystallization nuclei did not occur in areas
showing coarse subgrain structure, although once nuclei had formed they
appeared to be able to grow in both fine and coarse subgrain regions.
Lambot, Vassimillet, and Dejace' elongated 99*99 psr cent aluminm
single crystals and found that part of the matrix was fragmented into
domains possessing a high internal perfection. When annealed up to
450®C the subgrains became sharper and above 450°C they began to grow
(14)and decrease in number. Heidenreich ' observed by electron microscopy 
that heavily cold worked aluminum consists of inperfect subgrains, which
became more perfect on standing at room temperature. Towner and 
Berger^^^^ found that subgrains existed in elongated crystals after 
deformation, particularly where lattice bending was most severe. From 
these investigations it appears that polygonlzatlon or subgraining occurs 
during deformation, especially in regions of deformation bands or lattice 
curvature.
Beck^^^^ stated in 1951 that polygonlzatlon and recrystallization
are two conpetitive processes in the softening of a metal by annealing.
(17)This theory was also expressed by Cahn when he summed up the results
of various investigations in 1958* Evidently, the amount of deformation,
(18)annealing terperature and purity all play iiportant roles, Jacquet' '
deformed brass elongation and abraded the surface prior to annealing.
He observed that partial reciystallization occurred which resulted in a
mixed reciystallized polygonized structvire. The greatest amount of
reciystallization was found to be near the abraded surface and decreased
in regions further from the surface where deformation was not as severe.
(19)Talbot, de Beaulieu and Chaudron concluded that polygonization pre­
vented the gro>/th of single crystals of veiy pure iron by the strain 
anneal method, however, when small amounts of carbon were added polyg­
onization did not occur and large crystals were easily grown. Cahn and 
Graham^^®^ were vinable to grow large single crystals in high purity 
aluminum (99*99^) by the strain anneal method because of polygonization,
but large crystals were grown when 99*6 per cent aluminum was used. 
f21)de Beaulieu' ' observed polygonization in 99*999 P©r cent aluminum
after several hours at 630°C whereas several days were req\iired to
(22)
polygonize aluminum which was 99*5 per cent ptire, Montuelle 
added small amounts of sodium and lithium to high purity alvuninum and 
found that several days at $30^ C were required to cause polygonization, 
although polygonization occurred in the original high purity aluminum 
in several hours.
(23)Perryman , vdiile wiking with Al-Mg alloys, determined that 
recovery and reciystallization were two distant processes but may over­
lap and that the residual strain energy in subgrain boundaries is 
probably the driving force for reciystallization nuclei. He concluded
that germ nuclei present in cold worked metal may be certain subgrains
(24)with sidtable orientations to become growth nuclei. Hu studied the
occurrence of recrystallization in a polygonized structvire of silicon 
iron single crystal. Recrystallization occurred rapidly along the edge 
of his test specimen but weakly in the center idiere polygonization had 
occurred. He theorized that as soon as the matrix is polygonized the 
recrystallization tendency is reduced, because the driving force avail­
able for nuclei growth is reduced. Consequently, the already formed 
recrystallized grains cannot continue to grow unless they are above a 
certain critical size, which depends upon the net free energy for 
growth in the polygonized matrix. At a high temperature the growth 
rate of reciystallization nuclei is fast. Hence, by annealing directly 
at a high teiperature vdth a high heating rate, the nuclei can grow to 
above critical size before the matrix is polygonized. Thus, they can 
continue to grow after polygonization has taken place in the matrix.
(25)Leighly, McCune and Perkins observed a coipetition between 
polygonization and reciystallization idiile studying reciystallization 
rates in the high purity (99*99^) aluminvim. In the cases where the 
growth rate declined to zero, part of the original crystal remained 
and back reflection Laue patterns taken from this region revealed that 
a substantial large sized polygonized structure had been developed. It 
was also observed that allowing defomed single crystals to remain at 
ambient teiperature for a period of a few days was sufficient to prevent 
reciystallization.
Some investigators have noted that crystal orientation with respect
vdiether single or multiple slip occurs during deformation. Montvtelle 
found that certain orientations of 99*7 P®** cent purity aluminum 
single crystals required higher critical deformations to
to the tensile axis may influence polygonization, since this determines
(26)
10
cause reciystallization and below this critical deforaation the crystals 
polygonized.
Vbgel^^^^ bent single crystals of Si at 900°C and conclvided that
polygonization occurs more readily in regions undergoing single slip.
^28)Doo' * deformed 31 per cent alpha brass and noted that specimens 
oriented favorably for single slip polygonized in a different manner
than specimens which underwent multiple slip.
(29)Leighly and Garrison found that ambient tenperature recovery 
of deformed high purity (99*99^) aluminum single crystals was suffi­
cient to prevent reciystallization. These investigators found that the 
recovery time required to prevent reciystallization appeared to be 
dependent upon orientation providing a constant teoperaturm and amount 
of deformation was maintained. The fact that either single or multiple 
slip had occurred was a factor since this depends upon orientation.
It is evident from the work up to the time of this investigation 
that polygonization is a factor to be considered in the annealing of a 
cold worked metal. The evidence indicates that polygonization in a 
cold worked metal is characterized by many small crystallites vdth very 
low angle boundaries. These crystallites coalesce upon annealing 
causing a decrease in the number of crystallites and an increase in 
their boundary angles. Thus, the question of whether recovery and 
polygonization are separate processes seems to be resolved. Recovery 
may be considered as the coalescence of the crystallites existing in a 
cold worked polygonized structure and the increase in the crystallite 
boundary angle affects the physical and mechanical properties. Purity, 
amount of deformation and annealing ten^erature all seem to play im­
portant roles in the congjetition between polygonization and reciystalli- 
zation.
H I  EXPERIMENTAL PROCEDURE
11
A. PRODUCTION OF HIGH PURITY ALUMINUM SENGIE CRYSTALS,
The single crystals used in this investigation were produced by 
the strain anneal method as modified by Leighly and Pericins^^^^
Before this technique was developed several investigators reported 
difficulty in producing single crystals of high purity aluminum by 
the strain anneal method although the Bridgeman Technique had been used 
for a number of years. Cahn and Graham^^^^ used aluminum of 99*6 
per cent purity in their e::q)eriments, because difficulty was encountered 
in producing strain anneal single crystals of higher purity aluminum. 
Generally, strain anneal single crystals have greater perfection than 
those grown from the melt and thus were considered to be more suitable 
for this investigation.
Aluminum of 99*992 per cent purity obtained from the Aluminum 
Conqoany of America in the form of cold rolled sheet was used as the 
starting material. The chemical analysis supplied with the sheet was 
as follows:
Cu —  0.003 
Fe —  0.004 
Sa. — 0.001 
Other —  0,000
A1 —  99*992 (By Difference)
S^cimens measuring l/2" x 4" were cut from the sheet having a 
nominal 0.040 inch thickness. All specimens were given a preliminary 
anneal at 640°C for 2 hours to remove fabrication strains and produce 
an average grain size of approximately l/4 inch in diameter. After
12
annealing the ^ c i m e n s  were etched in Tucker's etchant (455^  HCl,
155^  HNO^, 15/^  HF and 25^ 5 H2O). It was found that etching was acceler­
ated and the grains revealed much better, if the etchant was heated to 
about 60°C. The entire specimen was submerged in the etchant to ensure 
a uniform etch. Etching was carried out under a hood in a polyethlyene 
beaker which was heated by a water bath.
Leighly et al.^^®^ reported that critical strain vslS applied by 
wrapping the specimens around a 1 3/^  inch diameter cylinder and sub­
sequently straightening against a flat surface. An attenQ}t to determine 
the optimum diameter for straining to obtain a maximum grain growth was 
made. The procedure consisted of wrapping 7 specimens individually 
around 7 different diameters, the first specimen being wrapped around a
1 inch diameter, the second arotmd a 1 l/4 inch diameter, etc., up to
2 1/2 inch diameter for the T^h specimen. Immediately after straining 
the specimens were annealed for 2 hours in an electric resistance 
furnace preheated to 640®C. The time required for the specimens to 
reach 640°C was about 10 minutes.
The specimens were removed from the furnace, cooled in air to room 
teniperature and re-etched to reveal the grains. The largest grain was 
measured on each specimen. Eight runs were made in all.
The data are tabulated in Table I and shown graphically in Figure I. 
Photographs of Group 3 specimens before and after strain annealing are 
shown in Figures 2 and 3*
From these data it was concluded that 1 l/2 inches was the optimum 
diameter for critical straining to obtain large crystals, and this 
diameter was subsequently used to grow the single crystals used in later
13
erqperimental work. In some cases 3 to 4 inch crystals were grown on 
the first strain anneal treatment,but this was exceptional. Generally, 
the strain anneal treatment was repeated on each specimen several times 
before large enough single crystals were realised. In all, about 30 
single crystals were grown which were 3 inches or larger. Several 
typical crystals are shown in Figure 4.
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Length of Largest Grain —  Inches
Strain
(Dia. of Cylinder) 1" 1 1 ^ "  1 l/2" 1 3/^" 2" 2 l/4" 2 l/2"
Run No.
1 0.5 1.0 2.3 2.5 1.2 0.6 0.3
2 0.5 0.9 1.3 2.0 1.3 0.8 0.4
3 0.5 0.8 3.0 1.3 0.4 0.3 0.3
4 0.7 0.9 1.0 0.5 0.5 0.5 0.5
5 0.8 1.3 0.5 0.6 0.5 0.5 0.5
6 0.6 0.9 2.3 3.5 0.6 0.5 0.3
7 0.6 2.3 1.1 0.3 0.5 0.6 0.4
8 0.7 1.4 2.4 0.4 1.1 0.6 0.3
erage 0.61 1.18 1.7^ i- 1.39 0.76 0.55 0.37
TABIE I
Results of the effect of strain (Oiaineter of cylinder) on the 
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Figure 2
Group i n  specimens alter a prellmlnaty anneal at 640^C 
for two hours.




Group III specimens after strain annealing treatment.
17
Figure 4
laical single crystals grown by the strain anneal method.
18
B. PREPARATION OF OHXSTALS FOR POLYGONIZATION STUDIES.
1. Orientation of S3jigle Crystals.
The 15 best and largest single crystals were selected for the 
recrystallization and polygonization studies. Laue back reflection 
patterns were taken of each crystal for detennination of their orien­
tation and to coII^ >are with subsequent patterns taken after annealing. 
Copper vdiite radiation was used at a tube voltage of 35 XV and a tube 
ctrrrent of 15 minianperes, Vfl.th a 3 centimeter specimen to film 
distance erqposure times of about one hour were required. Before 
placing in the film holder the film was orientated by inscribing an 
arrow in the upper right hand comer. Special care was used to make 
sure that this arrow corresponded to an arrow inscribed on the specimen 
before the exposure was made. This was very inqportant to permit a 
conparlson of the orientation before and after annealing.
The crystals were orientated frcmi the Laue back reflection patterns
(31)using the method first described by Grenninger . This is a classical
technique and is described in detail in the st2indard texts on X-Ray
^32) (33)diffraction such as CuUity' and Taylor . When the orientation 
of a single crystal is completed, the results consist of poles or 
normals to cxystallographio planes plotted on a stereographic projection 
or Whiff net. The poles on this type of projection can be Identified 
and assigned Miller indices from their angular relationship as tabulated 
in the above cited standard texts. After the Identification of any 3 
poles, all other poles can be plotted from ^nsmetrloal considerations.
The stereographic projections for each crystal were used to locate 
the position of the tensile axis on a (001} standard projection. From
19
this type of projection the first slip system to become operative during
plastic deformation may be detemined as described by Schmid and 
(34)Boas . Also, the angles between the slip plane and the tensile axis 
and the slip direction and the tensile axis may be measured. The (001) 
standard projection showing the location of the tensile axis of all 
specimens is shown in Figure 5*
When the angles between the tensile axis and the slip plane and 
slip direction respectively are known the glide strain for each elonga­
tion can be calculated. CQJ.de strain as used here is described by 
(34)Schmid and Boas' as the relative displacement of two glide planes 
of unit distance from each other and is calculated by the formula;
^ ~ sinV r ( v f ^ sin X, - Cos X •)
where
S = glide strain
X =  angle between the glide plane and tensile axis
X= angle between g lid e  d ire ctio n  and te n s ile  axis
1.D = 1 + — L_ (1  ^ = length after extension
Lo
1q = length before extension)
Using this formula, the glide strain for each specimen was calculated. 
The in^ortance of this parameter will be brought out in the discussion 
of results.
2. Deformation of the Specimens.
Each specimen was deforaed ly elongations of 5* 8 or 10 per cent as 
shown in Tables H I  throvigh V H .  This was accon5>lished by using a 
tensile machine in which the load is applied by a hand operated crank 
normally used for moving the crosshead. This operation permitted much
20
Figure 5.
(001) standard projection showing the location of the 
tenslid axis of each specimen before deformation.
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more accurate control of the defoxmation, particularly in such a ductile 
material as the high purity aluminum single crystals. The amount of 
defoimation was controlled by scribing 2 fiduciary marks on the ^ c i -  
men 2 inches apart. This distance was measured as the elongation 
occurred until the desired deformation was achieved.
3. Sectioning of the Crystals.
Since the ends of the crystal were deformed by the tensile machine 
grips, they were removed immediately after straining. The remaining 
strained crystal which was approximately 3 inches long was cut into 
3 equal paz^s, thus providing 3 segments having identical orientation 
and deforaation.
It was necessary to cut the crystals without introducing localized 
strain which might subsequently affect the final results. This was 
accomplished by cutting the crystals electrvlytically.
The procedure for this method was as follows; the specimen was 
masked with cellophane tape except along the line to be cut which was
about l/l6" wide. Mien the specimen was made the anode in an electro­
lytic cell, it was attacked in the small area not masked by the cello­
phane tape. After about 10 minutes the electrolytic dissolution will
cut completely through the specimen without appreciably affecting the 
area protected by the tsqie. VELth this method several cuts were made 
simultaneously by connecting the specimens (anodes) in series and using 
a common cart>on cathode. The electrolyte used was Tuckers etch diluted 
to half strength with water.
The cell was operated at 1 l/2 volts and one aapere D.C. Prelim­
inary experiments with this method indicated that higher current
22
densities decreased the cutting time, but increased the specimen temp­
erature whereas very little tenperature change was observed under the 
previously stated operating conditions.
The specimens cut by this method were free from localized strain in 
the region of the cut; and no instances were observed where recrystalU- 
zation occurred due to deforaation not intentionally Introduced.
4. Annealing of Crystal Segments.
The 3 segments from each specimen were marked A, B and C. Each 
segment was annealed for 2 hours at 640°C after being held at increasing 
periods of time at room temperature according to the following schedule.
1. A Segments Annealed immediately after sectioning
1 Through 15 (Approximately 1 hour after straining)
2. B Segments
a. 1 Through 12 24 hour recovery period at room temperature
b. 13, 14 and I5 10 day recovery period at room temperature
3* C Segments
a. 1 Through 9 72 hour recovery period at room temperature
b. 10, 11 and 12 11 dey recovery period at room tenperature
c. 13» 1^ ^nd 15 6 month recovery x>oriod at room tenperature
Immediately before annealing, the segments were given a small amount
of severe cold work by cutting off a corner with a pair of scissors. This 
localized deforaation was done to ensure the formation of rscrystallization 
nuclei; thus giving the segments every opporttmity to rscrystalllze.
The specimens were run in grovps of 3 to insure identical annealing 
treatments for each deforaation} 1. e., specimens 1, 2 and 3 elon­
gated and sectioned; then segments 1-A, 2-A and 3-A were annealed together 
after clipping the comers. After the appropriate holding time, segments
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1-B, 2-B and 3-B were clipped and annealed together as were segments 
1-C, 2-C add 3-C. This same procedure was followed for the five groups. 
This was done to make it possible to conpare results between the segments.
5. Tapered Specimens
In addition to the five groups described, 3 exystals were grown 
from specimens which were intentionally tapered from 5/8 inches wide to 
3/8 inches wide in a 4 inch length. When these specimens were elongated 
in tension, the deformation varied throughout the length. A l/2 inch 
gauge length was used at the narrow end and the specimens were elongated 
until the strain was 10 per cent. Corresponding measurements at the wide 
end Indicated that the strain there was about 5 cent.
After straining, the ends of the cxystals defozmad by the tensile 
machine grips were removed as before. These specimens were held for one 
day at room tenperature and then annealed after clipping the comer at 
the end which vinderwent 10 per cent elongation. All three specimene were 
annealed for 2 hours, but the annealing tenperature was different for each 
specimen. Specimen was annealed at 640^C, specimen T2 at 595^0 and 
specimen T^ at
After annealing, all of the specimens were allowed to cool in air 
and re-etched to reveal the annealed stmcture. Back reflection Laue 
patterns were taken of the largest grains to determine if recxystalli- 




The discussion of the results is facilitated by dividing the 
specimens into 5 greups, each group consisting of 3 specimens or 9 
segments. The three specimens in each of the five greups underwent 
identical treatments with respect to defomation, holding time at room 
tenperature, and annealing time and tenperature. The sixth group of 3 
tapered specimens underwent identical treatments except the annealing 
tenperature idiich was different for each specimen.
In all, there were 45 segments plus the 3 tapered specimens. Based 
on visual examination and Laue back reflection patterns, each of the 
annealed segments can be classified in one of the following categories 
^diich will be designated as R, P and I as shown in Table II. These 
designations will be used in subsequent tables idiich svimmarize the 
results in each group.
Designation Annealed Structure
R Completely Reorvstallized 
Entire segment consists of one or 
more reciystallized grains
P Conpletely Polygonized 
Entire original matrix polygonized 
except a few small grains at 
vicinity of clipped comer
I Partially Reciystallized
Remaining original matrix polygonized
TABIE n
Classification of the structures of the annealed segments.
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A. GROUP I SPECIMENS
The results from the Group I specimens are summarized in Table HI. 
The segments from each specimen are shown in Figures 6 through 8 and the 
Laue back reflection patterns of the original crystal and reciystallized 
grains are shown in Figures 9 through 16.
All of the segments conpletely reciystallized, as can be noted by 
conparing the Laue back reflection patterns from the original crystal 
and patterns taken of various grains after annealing. All of these 
patterns exhibit uniform spots which is indicative of a stress free 
reciystallized grain.
It is Interesting to note that all of the number one segments are 
similar in that they consist of one large reciystallized grain and 
several small grains in the vicinity of the clipped comer. Segments 
from specimens 2 and 3* however, reciystallized into several grains.
Since the 3 ^ c l m e n s  underwent identical treatments, the only explan­
ation for the difference is the variation in their calculated glide 
strain. %)eolnBn one had a glide strain of 0.179* specimen two was 
0.203 ftnd specimen three was 0.210. Apparently the difference in their 
glide strains was sufficient enough to affect the reciystallized grain 
size.
The recovery period at room temperature did not appear to have any 
effect on the reciystallization characteristics of this group. Specimens 
2 and 3 exhibited pronounced defoimation bands before and after annealing, 


































































































Segments frem Gpeoimen number 1
,  \
Figure 7
Segments from specimen number 2.
28
Figure 8
Segments from speolmen number 3*
29
• ,0 . :
Figure 9
Original Laue back reflection pattern of specimen number 1.
-A
Figure 10
Laue back reflection pattem of reciystallized greln nuinber 1 




Laue back reflection pattem of reczystallized grain nuinber 1 
in segment 1-B.
Figure 12









Laue back reflection pattem of reciystallized grain nuober 1 





Laue back reflection pattem of reciyatallized grain number 1 
in segment number 2-B.
O
Figure 16
Original Laue back reflection pattem of specimen number 3«
33
B. CffiOUP H  SPECIMENS
The results from the Group II specimens are summarized in Table IV. 
The annealed segments are shown in Figures 17 through 19 and the 
corresponding Laue back reflection patterns from the original crystals 
and reciystallized or polygonized grains are shown in Figures 20 
through 3^.
Polygonization is predominate in all of the segments. Specimen 
number 4 polygonized very badly and the degree of polygonization 
appeared to advance as the recovery period was extended. This can be 
seen by conparing the Laue patterns shown in Figures 21, 23 and 26. 
Segment 4-C, which shows the most advanced stage of polygonization, 
reciystallized to a much greater extent than 4-A which was reciystallized 
only in the region of the clipped comer. Segment 4-B is about half 
reciystallized with the remaining matrix badly polygonized.
The large reciystallized grain 4-B-| appears to be polygonized, as
shown by the Laue pattem in Figure 22. The only explanation for this
behavior is that some type of stresses existed in the segment during
(22)annealing which were sufficient to cause polygonization. Montuelle 
observed that polygonization existed in originally perfect specimens 
which had been annealed in a theimal gradient furnace or if specimens 
were not lying flat on a plane surface during aiuiealing. The themal 
gradient in the furnace used in these experiments was less than 2 degrees, 
however, the specimens were annealed in an alumina boat which had a 
slightly curved bottom. The stresses set up by the specimen lying on 
this curved surface might have been sufficient to cause polygonization 
of grain 4-B^.
All of the segments from specimens 5 &nd 6 are polygonized, except 
for a few small reciystallized grains in the region of the clipped
3^comer where high localized deformation was present. Polygonization 
does not appear to be as advanced in specimens 5 and 6 as in specimen 4, 
however, this may be due to orientation differences. As also indicated 
in specimen 4, polygonization appears to be greater in the segments 
which were given longer recovery periods. This is evident when the Laue 
pattem shown in Figure 28 is conqpared with the pattem shown in 
Figure 30 and also b7 conqparing Figure 32 with Figure 3^.
Specimen number 4 exhibited very prominent deforaation bands, idiich 
are visable in Figure 17* Deforaation bands were not as prominent in 
specimen 5 and 6, although some were present in each specimen* This 
might explain why specimen 4 showed the most advanced polygonization.
The partial reciystallization of segments 4-B and 4-C is unusual
and difficult to explain on the basis of existing theories. This seems
(25)to be the opposite of observations by Leighly et. al. which indicated 
that increased recovery time at room teiq>erature retarded reciystal- 
lization* Specimen 4 had the smallest calculated glide strain of the 
group (0*100) and specimen 5 bad the largest (0*116). It would be 
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Figure 17
Segments from specimen number 4,
Figure 18
Segments from specimen number 5»
37
Figure 19
Segments from specimen number 6.
Figure 20




Laue back reflection pattem of segment 4-A showing polygonization.
Figure 22





Laue back reflection pattem of polygonized grain 4-B2 
(original matrix).
Figure 24
Laue back reflection pattem of reczystallized grain 4-C-].
40
Pigvire 25
Laue back reflection pattem of reciystallized grain 4-C2« 
Note sirailiar orientation to grain 4-C-|, Figure 24,
Figure 26
Laue back reflection pattem of grain 4-Co» showing very
badly polygonized original matrix. ^
41
Figure 27
OilglzuQ. Laue back reflection pattem of speoinen 








Laue back reflection pattem of segment 5-B showing 
polygonized original matrix*
Figure 30





Original Laue back rsfleetion pattern of specimen number 6 
before deforaation.
Figure 32




Laue baok reflection pattem of segment 6-B showing polygonized 
original matrix.
Figure 3^
Laue baok reflection pattem of segment 6-C showing polygonized
original matrix.
5^C. GROUP H I  SPECIMENS
The results from the Grot^ H I  specimens are summarized in Table V. 
The annealed segments are shovoi in Figures 35 through 37 and the 
corresponding Laue back reflection patterns are shown in Figures 38 
through 49.
This grovqp of specimens behaved quite similarly to the Gzovq> II 
specimens. All of the segments from specimens 7 and 9 polygonized as 
shown by the Laue back reflection patterns in Figures 38 through 4l and 
46 through 49* The segments are not nearly as badly polygonized, however, 
as the Grovqp H  specimens. It is Interesting to note from Figure 5 
that speoimens 7 and 9 have vexy similar orientations and that all 
segments from these specimens exhibit about the same degree of 
polygonization.
Specimen number 8 showed erratic behavior. Segments 8-A and 8-B 
eoiqpletely reciystallized with each segment having a veiy large 
reciystallized grain. The Laue patterns from these grains are shown 
in Figures 43 and 44. Segment 8-C, however, was veiy badly polygonized 
and reciystallized only at the clipped edge. Figure 42 is the Laue 
pattem of the original undefoimed matrix and Figure 45 is the Laue 
pattem of the polygonized original matrix after annealing. Possibly 
the 72 hour recoveiy at room tenperature was effective in preventing 
reciystallization in this segment. Specimen number 8 had veiy prom­
inent defoimation bands before annealing. These bands partially 
disappeared in 8-A and 8-B during annealing but remained prominent in 
8-C as shown in Figure 36.
The orientation of the tensile axis of specimens 7 and 9 as shown 
in Figure 5 indicates that both of these ^ c l m e n s  underwent double slip
46
whereas specimen 3 theoretically underwent single slip. According to
( 28)Doo specimens which are orientated favorably for single slip 
polygonize differently than specimens vdiich undergo multiple slip. The 
Group II specimens previously discussed were also favorably orientated 
for single slip as shown in Figure 5* This might explain vdy the spots 
on the Laue patterns showing polygonization in specimens 7 and 9 are 
different than those of speoimens 4, 5» 6 and 8.
The calculated glide strains for specimens 7 and 9 shown in Table V 
are probably not valid, since these calculations are based on single 
slip only. Thus, no conclusions can be made by conparison of these values 
with the glide strain calculated for specimen number 8.
The effect of recovexy time at room tenperature on the degree of 
polygonization was not apparent in specimens 7 and 9* The partial 
Debye Ring shown in Figure 39 is surprising since this indicates a 
fine grained structure. It could be caused by distuxbed metal on the 
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Plgore 35
Annealed segments from speolmen number 7*
Figure 36
Annealed segments from specimen number 8.
48
Figure 37
Annealed segments from speolmen number 9.
J
Figure 38





Laue back reflection pattem from large grain in segment 7-A 
showing polygonized original matrix.
Figure 40
Laos back reflection pattem from large grain in segment 7-B 
showing polygonized original matrix.
SL
Figure 41
Laue baok reflection pattern from large grain in segment 
7-C showing polygonized original matrix.
O
Figure 42
Original Laue baok reflection pattem from specimen numiber 8.
52
Figure 43
Laue back reflection pattem from large reczystallized grain 
in segment number 8-A..
Figure 44






Laue back reflection pattem from large grain in segment 8-C 
showing vezy advanced polygonization.
C
Figure 46
Original Laue back reflection pattem from ^ c i m e n  number 9<
54
Figure 47










Laue back reflection pattem from large grain in segment 9-C 
showing polygonization.
56
D. GROUP IV SPECIMENS
The results from the Group IV specimens are summarized in Table VI. 
The annealed segments are shown in Figures $0 through 52. Laue back 
reflection patterns of the original crystals and some of the recrystal­
lized grains are shown in Figures 53 through 64.
This group behaved very similarly to Group I specimens in that all of 
the segments recrystalllzed, the only difference being the recrystallized 
grain size. Specimen nuinber 10 segments had very large recrystallized 
grains; segments from specimen number 11 recrystallized into many small 
grains while the grains in number 12 segments were Intermediate.
The variation in the grain size may be explained by conparing the 
calculated glide strains in Table VI, specimen number 10 was orientated 
for single slip and the glide strain was 0.200. Specimen number 11 
probably underwent single and double slip and the glide strain was
0.295* The glide strain for specimen number 12 was 0.227 and was 
orientated for single slip. Thus, specimen number 11 would be expected 
to have finer grains than specimens 10 and 12. Furthermors, specimen 
12 should be a little finer grained than 10 but somewhat coarser than
11. This is the exact behavior observed in these specimens, and also 
in the Grotp I specimens previously discussed.
It is interesting to note that grains 10-C^ and IO-C2 shown in 
Figures 56 and 57 have very similar orientation and were nucleated at 
different points along the clipped edge. Probably, both grains were in 
cospetition in consuming the deformed matrix with grain 10-C'] being the 
most progressive. Undoubtedly, if grain IO-C2 had not grown into the 
matrix ahead of 10-C.|, this segment would resemble segments 10-A and
57
10-B. A similar situation exists in grain 4-C.| and 4*>C2 shown in 
Figure 17 although in this case the grains were growing into a polygon­
ized matrix.
Grain number 12-A| appears to be polygonized as shown by the Laue 
pattern in Figure 60 although it is a recrystallized grain. This 
phenomenon was discussed previously for grain number 4-Bi shown 3n 
Figure 22 and the same conclusions should be applicable. It is unusual, 
however, that 12-A^ is polygonized while the adjacent grain I2-A2 is 
not. This probably could be explained in terns of the different 
orientations of the two grains. Thus, 12-A.| was orientated favorably 
to polygonize under the existing stresses while I2-A2 was not sus­
































































































cdICttoutAoVittbI«..ArtM n << o §^(35cvx^uQ tt8; I§•5§ iz §>Vi tt O tt55• 'd2 9
59
Figure 50
Annealed segments from speolmen number 10.
« > .
Figure 51
Annealed segments from specimen number 11.
60
Figure 52









Laue back reflection pattern of the large reciystallized grain 
in segment 10-A.
1 0 - B
» 9 0 ,
Figure 55













Original Laue back reflection pattern of specimen number 11
Figure 59




Laue back reflection pattem of reciystallized grain 12-A.. 
showing polygonization.
Figure 6l
Laue back reflection pattem of reciystallized grain 12-^2.
65
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Figure 62









Laue back reflection pattem of recrystallized grain 12-02-
67
E. GROUP V SPECIMENS
The results from the Group V specimens are summarized in Table VH.
The annealed segments are shown in Figures 65 through 67 and the corre­
sponding Laue back reflection patterns of the original crystals and 
recrystallized grains are shown in Figures 68 through 77*
%>ecimen number 13 recrystallized into very large grains. The 
small grain 13-B2 is the polygonized original matrix as shown by the 
Laue pattem in Figure 71* Figure 72 is the Laue pattem of segment 
13-0 before annealing and indicates that this segment was polygonized 
by the 6 month room tenperature recovery, the degree of polygonization 
being about the same as grain 13-B2* which was polygonized after 
annealing. Although 13-0 was polygonized, the segment conpletely 
recrystallized into one large grain as shown by the Laue pattem of 
grain 13-C-| in Figure 73* It was observed that specimen 13 had an 
orientation very similar to specimen number 5 which also showed polygon­
ization. The lAue patterns for the number 5 segments are shown in 
Figures 28 through 30. It appears then that this orientation is favor­
able for polygonization to occur but in specimen 13 the glide strain 
was nearly twice that of specimen 5* This increased strain was 
evidently sufficient to cause recrystallization of the polygonized 
matrix in segment 13-C.
Segments 14-C and 15-0 were badly polygonized before annealing, but 
both recrystallized into many smaller grains. The badly polygonized 
matrix of these segments are shown in Figures 75 77* Laue patterns
of grains 15-B.|, 15-B2* 15-B^, 15-O.j and I5-C2 showed strain free 
recrystallized grains. Evidently the 6 month recovery period at room 
tenperature, although causing polygonization, did not effect the recrystal­
lization of these segments.
68
The variation in the reciystallized grain size in these specimens 
is difficult to explain* All these specimens had nearly identical 
calculated glide strains, being approximately 0.21. Segments from 
specimen 13 recrystallized into one large grain, whereas segments 
from specimens 14 and 15 recrystallized into several small grains. 
Specimen 14 prx>bably underwent some double slip while 13 and 15 under­
went single slip. It might be concluded that double slip increases 
the possibility of spontaneous reciystallization, i. e, reciystalli- 
zation nuclei emanating at various points in the segment, rather than 
at the clipped comer only. This is illxistrated specimens 11 and 14, 
which were both relatively fine grained as conpared to the two other 
specimens in their resx)ective groups, and both probably underwent 
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Annealed segments from q>eotmen number 13<
Figure 66
Annealed segments from specimen nuinber 14.
71
Figure 67
Annealed segments from specimen number 15*
Figure 68
Original Laue back reflection pattem from specimen number 13*
72
Figure 69
Laue back reflection pattem of iMge recrystallized grain 
In segment 13-A*
Figure 70









Laue back reflection pattem of segment 13-C taken just before 
annealing and after in 6 month recovery period at room temperature,
74
Figure 73




Original Laue back reflection pattem of specimen 14.
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Figure 75
Laue back reflection pattern of segment 14-C taken just before 
annealing and after 6 months recovexy at room temperature.
Figure 76
Original Laue baok reflection pattern of speolmen nuinber 15*
76
Figure 77
Laue back reflection pattem of segment 15-C taken just 




The Group VI specimens are the special group of tapered specimens, 
which were run in an effort to tiy to eiplain the behavior of the first 
5 groups. Since polygonization was predominant in Groups II and HI ,  
which were elongated 5 and 8 per cent, respectively, and only one 
instance of polygonization was observed at 10 per cent elongation 
(segment 13-B), it was concluded that the conpetition between polygoni­
zation and reciystallization was dependent on the amount of glide strain 
and annealing tenperature. All of the first five groups were annealed 
at 640°Q which is obviously high enough to cause reciystallization in a 
polygonized structure if the glide strain is above some critical value. 
Segments 13-C, 14-C and 15-C were all badly polygonized before aiuiealing 
and reciystallized after annealing. The results of this study are shown 
in Figures 78 through 86.
Specimen T.| which was annealed at 640^C, reciystallized to the point 
where the defoimation was approximately 6 to 7 por cent and the remainder 
of the original matrix is polygonized as shown in Figure 80.
Specimen number T£ which was annealed at 595°C reciystallized to the 
point where the defoimation was about 8 per cent. The remainder of the 
specimen is the polygonized original matrix. Figures 82 and 83 are Laue 
patterns taken at points and A2 on the polygonized matrix. The 
polygonization appears to be worse at point A2 which corresponds to 
8 per cent elongation than at A.^ which corresponds to about 6 per cent 
elongation.
Specimen number T^ was annealed at 540^0 and reciystallized only 
in the vicinity of the clipped comer. Figures 85 and 86 are the Laue
78
patterns taken at points A.j and A2. Point (approximately 9 per cent 
elongation) appears to be polygonized to a greater extent than point A.j 
idiich corresponds to about 6 per cent elongation. This was also shown in 
specimen T^.
It is interesting to note the decrease in grain size with increasing 
glide strain in specimens T^ and T2* At the narrow end of these 
specimens where 10 per cent elongation occuzred, T-| has a glide strain 
of 0.26 while in specimen T2 the glide strain is 0.21. Specimen T.| 
is fine grained in this area and specimen T2 is relatively coarse 
grained. This agrees favorably with observations previously discussed 
for the ^ c i m e n s  in Groups I, IV and V.
79
Figure 78
Specimens T.j, and T- after annealing at 640, 595 and 
5 ^  C respectively foir2 hours.
80
Figure 79
Original Laue back reflection pattem of specimen *
Figure 80
Laue back reflection pattem taken at Point A.] on specimen T-i
after annealing at 640^C.
81
Figure 81
Original Laue back reflection pattern of specimen T2«
Figure 82
Laue back reflection pattern taken at point on specimen
T£ after annealing at 595°C.
82
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Figure 83
Laue back reflection pattem taken at point on specimen 
?2 after annealing at 595°C.
Figure 84
Original Laue back reflection pattem of specimen
T^ - A ,
Figure 85
Laue back reflection pattern taken at point A-i on i^cimen 
after annealing at 5^0°C,
83
Figure 86
Laue back reflection pattem taken at point A2 on specimen
To after annealing at 540®C.
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V DISCUSSaiON OF RESOITS
The most significant results of this investigation is the detenni­
nation of the effect of glide strain and annealing temperature on the 
characteilstics of the annealed structure of high purity aluminum 
single crystals.
From the results of the tapered specimens it appears that the com­
petition between polygonization and recrystallization is dependent upon 
the amount of glide strain and the annealing teiiQ)erature* In specimen 
T^ the glide strain at the boundary between the polygonized original 
matrix and the reczystallized grains is about 0.17* The glide strain at 
the boundary in specimen T£ is about 0.18 and in T^ it is approximately 
0.19* Since the annealing tell^ >enatures were different for each of these 
specimens, it can be concluded that glide strain and annealing temperature 
constitute critical combined factors idiich influence reciystallization 
and grain growth. Chen and Mathewson^^^ observed similar phenomena in 
some of their specimens but they did not investigate the relationship.
The annealing tengjerature of the first five groups was 640°C and 
polygonization occurred only in specimens with low glide strains. The 
glide strains calculated for the Group H  and Group H I  specimens were 
the lowest of the 5 groups and segments from both groups had polygonized 
structures after annealing. If all of the specimens in the 5 groups 
which theoretically underwent single slip are compared it may be noted 
that polygonization occurred in every segment ^diich had a glide strain 
less than 0.176. This value compares favorably with specimen T.j which 
was also annealed at 640^C and reczystallized to the point where the 
glide strain was about 0.17, with the remaining matrix being polygonized.
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Exceptions to the above observations existed in specimens 7* 9 and 
13-B* The behavior of specimens 7 and 9 was probably due to double 
glide tdiich invalidates the calculated glide strain* Probably the glide 
strain in these ^ecimens was less than that calculated and thus below 
the critical value to cause reciystallization.
An overall analysis of the reciystallized grain size of the seg­
ments indicates that the glide strain is the major controlling factor. 
This is especially illustrated b7 cooqparing the reciystallized grain size 
of specimens 11 and 14 with the other specimens. Both of these specimens 
had relatively high glide strains and the reciystallized grain size is 
smaller than in the specimens vdiich had lower ^ d e  strains. Probably 
the number of glide ^sterns operating during defoimation is a factor to 
be considered also.
It appears that no correlation exists between reoovAiy time at 
room teiqperature and the reciystallization characteristics. The 
C segments from the Qroi^ V ^ c l m e n s  were all polygonized by the 6 
month recoveiy period but reciystallization occtirred in each segment.
As was discussed previously for the Group H  segments, increased room 
temperature recovery seemed to Influence the extent of polygonization 
in the annealed segments. If it is assumed that reciystallization is 
in some way related to the extent of polygonization, then one could con­
clude that ambient temperature recovery is a factor to be considered in 
reciystallization phenomena* It is this investigators opinion that the 
reciystallization tenperature is increased by ambient tenperature re­
covery if the glide strain is above the critical value, however, the data 
are insufficient to substantiate this theory.
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VI CONCLUSIONS
Based on the results of this investigation and previous work by 
various researchers, the following relationship between recrystallization 
and polygonization is proposed:
1) There is a critical glide strain below which reciystalli- 
zation will not occur in deforaed single crystals regardless 
of the annealing tenperature. Below this critical glide 
strain polygonization will predominate in the annealed 
structure. From the existing data it appears that the 
critical glide strain necassaxy for the reciystallization 
of 99*99 per cent aluminum is about 0.17*
2) There is a minimum glide strain required to cause reciys- 
tallization in a deforaed single ciystal at any given 
annealing tenperature. The lower the glide strain, the 
higher the annealing tenperature required to reeiystallize 
the polygonized matrix.
3) There is a critical tenperature required to reeiystallize 
a deformed single ciystal of aluminum. The glide strain 
does not influence the critical tenperature appreciably, 
however, the evidence is inconclusive at vexy high glide 
strains,
4) The critical and minimum glide strains to cause reczystal- 
lization are probably influenced by the pvirity. The 
higher the purity, the higher the glide strain required to 
cause reciystallization at any given annealing tenperature.
The relationships between reciystallization and polygonization proposed 




























Other inportant Items disclosed this investigation are:
1) The detennination of the strain necessaxy to produce large 
single crystals in high purity aluminum by the strain-anneal 
method. This strain was assumed to be proportional to
the diameter of the cylinder around which the specimens 
were bent, and it was found that the optimum diameter was 
one and one-half inches for aluminum of 99*99 per cent 
purity and a 0.040 inch thickness. The optimum diameter 
would probably be different for other thicknesses and 
purities.
2) A method was developed for sectioning single crystals 
of aluminum without introducing localized strain in the 
region of the cut. The method consisted of cutting the 
cxystals by electrolytic dissolution when the specimen 
is made the anode in an electrolytic cell using an 
electrolyte conposed of Tucker's etch diluted to half 
strength with water. Ordlnaxy cellophane tape was 
found to be satisfactory in preventing dissolution of 
the specimen in the area on either side of the cut.
Although this method was used to cut specimens which 
were only 0.040 inches thick, it is believed that the 
method would also be applicable for greater thicknesses.
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